A computer based system was developed for morphometric analysis of the cochlear lateral wall vasculature. Variables measured were vascular density, RBC density, vessel width, aggregation density, lumen compression count, WBC count and pigment density. Vessels were divided into three systems based on the lateral wall structures that they supplied. The results indicated that these three vessel systems were morphologically distinct in terms of their vascular density, RBC density. and vessel width. How these differences relate to functional needs of the lateral wall is discussed.
Introduction
Changes in the vascular system of the cochlea have been suggested as a cause of many forms of hearing impairment; among these are Men&e's disease, sudden deafness, tinnitus and noise-induced hearing loss (Lawrence, 1983) . It has been difficult to investigate microvascular involvement in such conditions through experimentation because the vasculature of the cochlea does not readily lend itself to quantitative evaluation. Many studies have been published describing changes in cochlear vessels after exposure to ototraumatic agents such as noise and ototoxic drugs. Over the past 10 years, Axelsson and colleagues (Axelsson et al., 1974 (Axelsson et al., , 1975 Vertes and Axelsson, 1979) have developed a method based on a subjective evaluation of 20 vascular parameters that are likely to be affected by cochlear trauma.
Their 'soft-surface specimen technique' permits evaluation of all the vessels over the entire length of the cochlea so that a comprehensive picture of the vasculature, both in terms of the involvement of the various vessel groups and the location of damage, can be drawn from the results of the analysis. Santi and colleagues (Santi and Lakhaani, 1983; Santi et al., 1983) have used a stereological technique to measure relative areas of the three cell layers and the capillaries in the stria vascularis.
A related technique, computerized image analysis, was recently used by Smith et al. (1985) to measure capillary density and erythrocyte distribution in strial capillaries. The objective of this study was to develop a computer-based technique to quantify a number of vascular variables in all of the lateral wall vessels. Early studies of the cochlea describe specific vascular pathways through the lateral wall (Axelsson. 1968; Smith, 1951) ; some vessels pass through the spiral ligament from Scala vestibuli to Scala tympani, while others form the capillary beds of the stria vascularis or the spiral prominence.
However, most studies to date have either disregarded all vessels other than those in the stria vascularis (Santi and Lakhani, 1983; Santi et al., 1983; Smith et al., 1985) or have divided the vasculature into groups based on location in Scala vestibuli, Scala media or Scala tympani (Axelsson, 1968; Axelsson et al., 1974 Axelsson et al., , 1975 Vertes and Axelsson, 1979) . In this study, the lateral wall vessels were divided into three systems based on the structure (spiral ligament, stria vascularis, or spiral prominence) that they supply. If these structures react differently to trauma, such differences should be reflected in the vessels. By analyzing the vessels by 'system', we may gain a clearer picture of the normal function of the microvessels and of how they change in response to cochlear trauma.
Method
Five healthy adult chinchillas, all of the same coat color and all less than eight years of age, were used in the study. Three animals were female and two were male. The animals were anesthetized by subcutaneous injection of 0.15 ml Ketamine (100 mg/ml) with acepromazine (10 mg/ml) and xylazine (20 mg/ml) in a 3 : 1 : 3 mixture. The animals were decapitated, the temporal bones removed and the cochleas perfused through the round and oval windows with 2.5% glutaraldehyde in Verona1 acetate buffer (pH 7.4); then the temporal bones were immersed in fixative and stored overnight under refrigeration. The following day each cochlea was very lightly post-fixed with 1% osmium tetroxide by perfusing the solution through the cochlea and then immediately flushing the perilymphatic space with 50% ethanol. Following dehydration to 70% ethanol, a piece of spiral ligament with the stria vascularis attached was dissected from the cochlea, rehydrated and then bleached in 3% hydrogen peroxide for 5 min to remove excess osmium so that the vessels could be more easily visualized. Each dissected specimen was approximately 3 mm in length and came from a location which represented 50% of the distance from the apical end of the spiral ligament. The tissue was mounted in glycerol with the stria vascularis facing upward on glass slides.
The computer system used to collect and analyze the data is illustrated schematically in Fig. 1 . A low-light, high-resolution black-and-white video camera (RCA 2000 Ultracon) was attached to the photo tube of a Zeiss Universal compound microscope. The camera signal, along with the signal from the graphics unit (Summagraphics 2000) and the CPU (DEC LSI 11-23) were synchronized so that the microscopic image, the image drawn on the graphics tablet and messages generated by the software were simultaneously displayed on the video-monitor screen. To measure an object displayed on the monitor screen, the object was traced on the graphics tablet using a four-button IMAGE ANALYSIS SYSTEM -1 Fig. 1 . Schematic diagram of the image analysis system used to collect and analyze the vascular data. The microscopic image is projected via the video camera to the monitor screen. The graphics tablet and CPU are also patched into the monitor so that objects on the monitor screen can be traced on the data tablet.
cursor. Each button or combination of buttons controlled a different function of the software. As the object was traced, a series of ( X, Y) pairs which corresponded to the outline of the object was stored in files in the CPU for later analysis.
This image analysis system was used to evaluate the vessels of the lateral wall. Every vessel was assigned to one of three systems. The first system consisted of the vessels feeding into the stria vascularis, the vessels of the stria vascularis and the vessels draining the stria vascularis. The second system consisted of the vessels of the spiral ligament. The third system consisted of the vessels feeding into the spiral prominence, the vessel of the spiral prominence and the vessels draining the spiral prominence. In some cases, there was a branching of vessels in Scala vestibuli and the two branches went to different systems. When this occurred, the part of the vessel above the bifurcation point was considered to be part of the same vessel as the larger of the two branch vessels. The three vessel systems are illustrated schematically in Fig. 2 .
Measurements were made over an area of approximately 1 mm2 which was divided into 12 adjacent fields, as illustrated in Fig. 3 The area of field was quantified by tracing the outline of the tissue. The area of the vessels which belonged to each system was quantified by tracing the outlines of the appropriate vessels. The area occupied by red blood cells within the vessels of each system was quantified by tracing the outlines of RBCs contained within the appropriate vessels. The total length of the vessels of each system was quantified by tracing down the center of the appropriate vessels.
I lmm . Since the field area was constant for all three vessel systems. that measurement was taken only once per field. All other measurements were made three times; once for each vessel system. Therefore, a total of 22 measurements were made for each field (7 measurements x 3 systems + area of field). When all of the measurements for a single specimen were completed, a preliminary analysis program computed the areas and tabulated the counts for all 264 measurements (22 measurements x 12 fields). These values were then used to computer seven variables, which were: area occupied by pigment area of field For the statistical analysis, the data were combined to reflect the location of the vessels with respect to the three cochlear scalae; fields 1-3 were located adjacent to Scala vestibuli, fields 4-9 were located adjacent to Scala media and fields lo-12 were located adjacent to Scala tympani. The data collected in Scala media was further subdivided into two areas; fields 4-6 represented the stria vascularis and the area of spiral ligament behind the stria vascularis and fields 7-9 represented the spiral prominence and the area of spiral ligament behind the spiral prominence.
One-way analysis of variance tests were used to evaluate the data. For each of the seven vascular variables, the three vessel systems were compared. The test was performed four times; for data col-* Since these numbers were expected to be small compared to the denominators, counts were multiplied by 1000.
lected in Scala vestibuli (fields l-3) in the stria vascularis portion of Scala media (fields 4-6), in the spiral prominence portion of Scala media (fields 7-9) and in Scala tympani (fields lo-12).
Results
Two of the dependent variables that had been evaluated, WBC count and lumen compression count, were eliminated from the statistical analysis because no examples of either variable had been found during data collection. The means and S.D. of the five remaining variables are contained in Table I .
Since pigment cells and pigment granules are contained in the tissue rather than in the vessels, in Scala vestibuli (fields l-3) and Scala tympani (fields 10-12) pigment density could only be measured in the spiral ligament. In fields 4-6 of Scala media, pigment density was measured in the stria vascularis and in the spiral ligament behind the stria, and in fields 7-9 pigment density was measured in the spiral prominence and in the spiral ligament behind the spiral prominence. No pigmentation was observed in the tissue of the spiral ligament in Scala media behind the stria or spiral prominence; all pigment cells and granules seen in were in the tissue of the stria vasculformed on pigment density since all systems were aris and the spiral prominence.
not represented at any location. Aggregation density was only measured in two cases; for the vessels of the spiral ligament in Scala vestibuli and in the vessel of the spiral prominence.
The results of the one-way ANOVA tests for vascular density, RBC density, vessel width and aggregation density are given in Table II . The three vessel systems were significantly different (P < 0.05 or less) for vascular density and vessel width at all locations and for RBC density at all locations except Scala tympani. There was no significant difference between the vessel systems for aggregation density. ANOVA could not be perFor all cases where the ANOVA revealed a significant difference between the three systems, the Student-Newman-Keuls (SNK) multiple range test was used to determine which system or systems accounted for the difference (Zar, 1980) . Fig. 4 is a graph of the mean values obtained for vascular density for each vessel system at each location. Asterisks indicate which system(s) mean was significantly different from the others as revealed by the SNK procedure. In Scala vestibuli, mean vascular density was significantly less in the system of spiral prominence vessels than in the other two vessel systems. In the stria vascularis MEANS FOR VASCULAR DENSITY OI-* Fig. 4 . Mean values for the variable vascular density obtained for each scala location for all three vessel systems. Asterisks indicate a statistically significant difference as revealed by the SNK test, SV. system of stria vascularis vessels; SL, system of spiral ligament vessels. SP, system of spiral prominence vessels.
MEANS FOR RBC DENSITY
'T _ portion of scala media, each vessel system had a mean value for vascular density that was significantly different from the other two systems. Vascular density was over three times greater in the system of stria vascularis vessels than in the system of spiral ligament vessels, and over eight times greater than in the system of spiral prominence vessels.
In the spiral prominence portion of Scala media, the mean value for vascular density was significantly greater in the system of spiral prominence vessels than in the other two vessel systems. Vascular density was significantly greater in the system of spiral ligament vessels than in the other two vessel systems in the Scala tympani.
Mean values for RBC density are displayed in Fig. 5 . RBC density was significantly lower in the system of spiral ligament vessels than in the other two systems in Scala vestibuli and in Scala media. In the stria vascularis portion of Scala media, RBC density was three times greater in the system of stria vascularis vessels than in the vessels of the spiral ligament and almost two times greater than in the system of spiral prominence vessels. Fig. 6 shows the mean values for vessel width in each vessel system and location. Mean vessel width was significantly greater for the system of stria vascularis vessels than the other two vessel systems at all locations other than the stria vascularis portion of Scala media. Vessel width was significantly less for the vessels of the spiral ligament than for the other two vessel systems in Scala vestibuli and in the stria vascularis portion of Scala media.
Discussion
The purpose of this study was to develop a quantitative method for evaluating the microvasculature of the cochlea and to use that method to determine if the vessel systems of the stria vascularis, spiral ligament and spiral prominence were morphologically distinct. This method expands the image-analysis technique used by Smith et al. (1985) to include all the vessels of the lateral wall, permitting more vascular variables to be analyzed as in the 'soft-surface technique' of Vertes and Axelsson (1979) . The results indicate that the three vessel systems are morphologically distinct in terms of vascular density, RBC density and vessel width. Since only 1 mm* was analyzed, we cannot evaluate the basal or apical shunting of blood.
An important function of the stria vascularis is to maintain the high potassium level of endolymph (Bosher and Warren, 1968) and the high positive endolymphatic potential that is necessary for energy transduction in the organ of Corti (Tasaki and Spyropoulos, 1959) . The average width of the vessels feeding the stria is greater than the average width of the vessels draining the stria, and the vascular density is higher in Scala vestibuli than in Scala tympani, which means that there are more vessels feeding stria vascularis than there are draining stria vascularis. This creates a 'bottleneck' (Fulton, 1970) for blood draining out of the stria, which in turn contributes to the very high RBC density in the vessels of the stria vascularis and helps to explain why the RBC density is higher in the vessels draining the stria than in those feeding the stria; there are fewer channels flowing out than flowing in.
The functional importance of the spiral prominence is less well documented than the stria vascularis, but there are structural features that suggest that the spiral prominence is involved in fluid transport. Many similarities exist between the stria vascularis and the spiral prominence. Both structures contain an epithelial cell layer with tight cell junctions which prevent diffusion into or out of the endolymph (Forge, 1981; Spoendhn, 1967) . In the stria vascularis, the epithelial cells are the marginal cells; in the spiral prominence the epithelium consists of a single layer of small cuboidal or flat cells. The stroma cells of the spiral prominence show a high content of mitochondria, endoplasmic reticulum and Golgi membranes which reflect the high metabolic activity of these cells (Vosteen. 1960) similar to the marginal cells of the stria vascularis.
Both the spiral prominence and the stria vascularis are highly vascularized, but the vessels of the stria vascularis are closely surrounded by the marginal cell processes while the vessels of the spiral prominence run free in the extracellular space, in the area occupied by stroma cells and the roots of the outer sulcus cells (Spoendlin, 1967) . The extensive plasma membrane infoldings and the large extracellular space. along with evidence for a resorptive function of the outer sulcus cells (Spoendlin, 1967) all indicate that the spiral prominence is involved in fluid transport. Although the numbers are different, the patterns for vascular density, RBC density and vessel width in the system of spiral prominence vessels resemble those seen in the system of strial vessels. In both systems, vascular density and RBC density increase substantially in the 'target' tissue, i.e., the stria vascularis and the spiral prominence, and then decrease in the draining vessels in Scala tympani.
In both systems, the diameter of the draining vessels is substantially less than that of the feeding vessels, ensuring that blood flow through the 'target' tissue will be slow enough to maximize nutrient exchange.
Unlike the system of stria vascularis vessels and the system of spiral prominence vessels, there is no specific, metabolically active area which is the ' target' of the vessels of the spiral ligament (Smith, 1973; Hawkins, 1973 ) although Hawkins has described the area of spiral ligament above Reissner's membrane as one of the loci of perilymph formation. It is not surprising, then, that the morphology of the vessels in this system does not change much as they pass from Scala vestibuli through Scala media to Scala tympani, although they do taper and RBC density increases accordingly.
A surprising finding in this study was the complete absence of perivascular cells and endothelial cells compressing the vessel lumen. Such compressions are seen in normal cochleas (Smith et al., 1985) and their absence in this tissue may have been related to the anesthesia, since anesthetics are known to cause alterations in microvascular function (Longnecker, 1980) . Ketamine has been shown to cause dilation of arterioles (Longnecker et al., 1974) perhaps via changes in the sympathetic tone of the vascular system. If a similar mechanism exists in the cochlear vessels, then Ketamine would be expected to lower cochlear blood pressure by dilating the spiral modiolar artery. It has been demonstrated (Mellander and Johansson, 1968 ) that decreases in hydrostatic pressure cause dilation of precapillaries and arterioles. This dilation could result in an increase in blood flow to the lateral wall capillaries and a concomitant increase in intraluminal pressure that would account for the absence of lumen compressions.
Another possible explanation is that the anesthetic acted directly on the pericytes of the capillaries, although the contractility of pericytes remains a controversial topic. There is no direct evidence to support the idea of contractility of pericytes in mammals (Zweifach, 1971; Folkow and Neil. 1971) ; however, these cells have been shown to contain actin filaments (Kimura, 1962) and actomyosin (Majno, 1969) . If pericytes contain contractile elements then perhaps the mechanisms by which anesthetics relax smooth muscle cells around larger vessels also causes relaxation of the contractile elements in pericytes.
Although pigment density could not be analyzed statistically because of its localization to a few specific areas within certain structures of the lateral wall, pigment density may be an important variable to evaluate when pathologic tissue is involved. It has been shown (Hilding and Ginzberg. 1977 (Hilding and Ginzberg, 1977) much as the melanocytes in the epidermis transfer melanin granules to the malphigian cells (Fitzpatrick et al.. 1961) . While the pigmentation visible at the light microscopic level in normal stria vascularis consists of scattered golden brown pigment cells and pigment granules, on the spiral prominence melanocytes are spindle shaped and lie along the vessel of the spiral prominence. On the spiral ligament in scala vestibuli and Scala tympani, large. dense dendritic-type melanocytes are found, usually in conjunction with a blood vessel. The role of melanin pigmentation in the inner ear is unclear. although it has been impficated as a cont~but~ng factor in aminoglycoside ototoxicity (Comis and Leng, 1980; Lyttkins et al., 1979) and noise trauma (Conlee et al., 1985) . The technique described in this paper for the analysis of cochlear vessels has allowed us to collect statistical data concerning several features of normal vessel mo~hoIogy. The significance of these results is limited by the small sample size as well as by the restricted area of the lateral wall over which measurements were made. Our principle aim in this study was to determine if the three vessel systems, as we have defined them, were in fact morphologically distinct from each other. Our results indicate that they are within our very restricted sample area. Obviously, the distinction needs to be demonstrated for other areas of the cochlea and for other experimental animals. Since several of the vascular variables we have used may be influenced by method of sacrifice (Santi and Duvall, 1979) , our measurements are intended to be relative rather than absolute. Method of sacrifice poses significant problems for histological studies of the vasculature. Anesthesia affects the microcirculation by causing dilation of arterioles and sometimes venules (Longnecker, 1980) , and such effects could be reflected in measurements of vessel size, The alternative method is decapitation without anesthesia, which could result in a different set of artefactual changes related to a stress response. The extent to which method of sacrifice affects the microvasculature of the inner ear has not been studied systematically. A morphometric technique such as the one described in this paper could be used to investigate this issue.
